The objective of this study is to analyze the technical importance, performance, techniques, advantages, and disadvantages of the biosensors in general and of the electrochemical biosensors in particular. A product of reaction diffuses to the transducer in the first generation biosensors (based on Clark biosensors). The mediated biosensors or second generation biosensors use specific mediators between the reaction and the transducer to improve sensitivity. The second generation biosensors involve two steps: first, there is a redox reaction between enzyme and substrate that is reoxidized by the mediator, and eventually the mediator is oxidized by the electrode. No normal product or mediator diffusion is directly involved in the third generation biosensors, direct biosensors. Based on the type of transducer, current biosensors are divided into optical, mass, thermal, and electrochemical sensors. They are used in medical diagnostics, food quality controls, environmental monitoring, and other applications. These biosensors are also grouped under two broad categories of sensors: direct and indirect detection systems. Moreover, these systems could be further grouped into continuous or batch operation. Therefore, amperometric biosensors and their current applications are focused on more in detail since they are the most commonly used biosensors in monitoring and diagnosing tests in clinical analysis. Problems related to the commercialization of medical, environmental, and industrial biosensors as well as their performance characteristics, their competitiveness in comparison to the conventional analytical tools, and their costs determine the future development of these biosensors.
Introduction
The modern concept of biosensors represents a rapidly expanding field of instruments to determine the concentration of substances and other parameters of biological interest since the invention of Clark and Lyons in 1962, for example, created the availability of a rapid, accurate, and simple biosensor for glucose. Biological sensors are analytical devices that detect biochemical and physiological changes.
Transducers are essential to convert the particular biological and chemical (biochemical) change into electrical data which can identify different biochemical components of a complex compound to isolate the desired biochemical compounds, for instance, carbon monoxide and sulfur dioxide that contribute to the air pollution.
Historically, Clark and Lyons first demonstrated the modern concept of biosensors, in which an enzyme was integrated into an electrode to form a biosensor. The developments of such simple detection tools and similar techniques have made considerable progress since then.
Early techniques of biosensors in the analysis of chemical and biological species involved reactions that took place in a solution in addition to catalysts and samples. In recent years, however, the biosensor techniques have provided alternative systems that allowed the reactions without adding reagents to take place at a surface of an electrode. Since the reagents have been already immobilized in the systems, the biological and chemical sensor has performed the task of identifying composition of species with minimum human intervention. The recent improvement of biosensor techniques has continued to depend on and learn from the inefficiency of the early techniques. adsorption, cross-linking, entrapment, covalent bond, or some combination of all of these techniques. The stability of the immobilization techniques determines the sensitivity and reliability of the biosensor signal. Transducers, required pieces of analytical tools that convert the biological and chemical changes into the useful electronic data, make use of these immobilization techniques to provide different types of transducers, for example, optical, piezoelectric, etc. The analyte selective interface is a biological active substance such as an enzyme, antibody, DNA (deoxyribonucleic acid) and a microorganism. 6 Such substances are capable of recognizing their specific analytes and regulating the overall performance (response time, reliability, specificity, selectivity and sensitivity) of the biosensors. Biosensors are analytical tools that consist of a substrate and a selective interface in closed proximity or integrated with a transducer; therefore, the substrates and transducers are important components of the analytical tools, which contain an immobilized biologically active compound that can interact with specific species of interest. This reaction between the bioactive substance and the species (substrates) produces a product in the form of a biological or chemical substance, heat, light, or sound; then a transducer such as an electrode, semiconductor, thermistor, photocounter, or sound detector changes the product of the reaction into usable data. [7] [8] [9] Biological sensors operate either in batch (intermittent) mode or continuous (monitoring) mode depending on the type of analyte. Two broad categories of biosensors based on the biological active substances are catalytic biosensors like whole cell electrodes and affinity biosensors such as nucleic acid electrodes. 6, 10 In addition, biosensors could be classified into direct (label-free) and indirect (labeled) detectors of target analyte. For instance, a preliminary biochemical reaction takes place and the products of the reaction are detected by the indirect detection of electrochemical biosensors. The label-free biosensors (optical biosensor) are based on the direct measurement of a physical phenomenon that occurs during a biochemical reaction on a transducer surface.
Biosensors have improved the performance of the conventional analytical tools, have eliminated slow preparation and the use of expensive reagents, and have provided low cost analytical tools. As low cost, portable, and simple-to-operate analytical tools, biosensors have had certain advantages over the conventional analytical instruments such as gas chromatographs. [11] [12] [13] [14] [15] [16] [17] [18] On the other hand, biosensors have had some limitations: electrochemically active interferences in the sample, weak long-term stability, and troublesome electrontransfer pathways. Nevertheless, the conventional instruments' possibility of real-time analysis is crucial for the measurements of human body substrates; the potential applications of biosensors and conventional instruments have continued to lie in the clinical diagnosis, bioprocess, food analysis, and environmental monitoring.
As brief review of the selected biological sensors and their recent improvements is presented in this study to compare them with the existing conventional instruments and to indicate their present and future uses. Moreover, the technical importance, techniques, performance, benefits, and limitations of different types of biosensors are summarized to show the current and potential applications of electrochemical biosensors in clinical diagnosis, environmental monitoring, and food analysis.
Biological Sensors

2·1 Performance of biosensors
The overall performance and usefulness of biosensors are often dictated by the immobilization techniques. Therefore, depending on the technique used in signal transducer, biosensors might be divided into optical, mass, bioluminescence, electrochemical, and thermal sensors. [7] [8] [9] [19] [20] [21] Definitions, substrates, responses, detection limits, advantages, and limitations of different types of biosensors such as electrochemical biosensors or bioluminescence biosensors are summarized in the following paragraphs. Optical biosensors are particularly attractive for the application of direct detection systems. 9 Optical biosensors are based on the measurement of light observed or emitted as a result of a biological and/or chemical reaction. In such biosensors, optical fibers are used to guide the light waves to suitable detectors like an electrode or a semiconductor. 7 Even though these biosensors are very sensitive, they cannot be used in turbid media. 2, 5 For instance, the optical biosensors have high sensitivity with a detection limit of 0.11 µmol/l and a short response time of less than 30 s for monitoring tetracycline, as indicated in Table 1 . 22 Bioluminescence or bioanalytical biosensors are based on the utilization of the ability of certain enzymes to emit photons as a by-product of their reactions. 20, 23, 24 The development of bioluminescent biosensors are reported for field toxic analysis, for monitoring water quality, and for the detection of toxic gaseous chemicals. Moreover, the adenosine triphosphate bioluminescence is routinely used to detect the amount of adenosine triphosphate in the living cells. 23, 25, 26 The bioanalytical sensors possess extremely high specificity and can distinguish viable from non-viable cells. 8 The main limitations of the biosensors are the relatively long assay time and the lack of sensitivity. 20, 23, 26 The bioluminescence biosensors have the longest response time of all the biosensors in Table 1 . 20 Calorimetric biosensors detect substrates on the bases of heat evolved from biochemical reactions of the analyte with a suitable biological active substance such as an enzyme. The most commonly used approach in thermal bioactive substance probes relates the attached substances directly to a thermistor that detects the evolved heat of the biochemical reaction. The majority of the heat evolved in the enzymatic reactions is lost to the surrounding media without being detected; the lost heat lowers the sensitivity of the thermal biosensors. 19 Piezoelectric biosensors operate on the principle of coating the surface of the biosensor with a selectively binding biologically active substance. 18, 21 The coated surface is placed in a solution containing analytes that bind to the binding substance. Thus, the mass of the crystal increases while the resonance frequency of oscillation decreases proportionally. Piezoelectric biosensors offer a real-time output, simplicity of use, wider working pH range, and cost effectiveness. Possible disadvantages of the biosensors include the lack of specificity or sensitivity or selectivity, and interferences from the liquid media where the analysis takes place. Piezoelectric Quartz Crystal (PQC) biosensors, for example, have lower detection limits for the determination of cinchonine in Table 1 and have response times of 5 to 15 min with a detection limit of 0.7 -2 ppm for the determination of carbon monoxide. 18, 21 Electrochemical biosensors are more amenable to miniaturization, have compatible instrumental sensitivity and can even operate in turbid media. 4, 27 Electrochemical biosensors emerge as the most commonly used biosensors in monitoring and diagnosis tests in clinical analysis. Poor coupling of biochemical recognition materials and electrochemical transducers, however, affect selectivity, sensitivity, limited dynamic range, and stability of the electrochemical biosensors.
2,9,14
Depending on the electrochemical property
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ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 measured by a detector system, electrochemical biosensors can be divided into conductometric, potetiometric, and amperometric biosensors. 2, 9, 28 Brief and general overviews of selected biosensors are provided to appreciate the techniques, performance, usefulness, and limitations of biosensors in modern technology. Each has its benefits and limitations. Each biosensor can detect some individual compounds with response times and detection ranges that vary from one sensor to another depending on the design specifications and conditions. The goals are to determine as many elements or compounds as humanly possible and to observe response performance and characteristics of each compound. The final goal is to understand what roles each compound plays in the ecosystem: for example, pesticides. Table 2 summarizes the type of substrates, advantages, and disadvantages of selected biosensors. For example, the optical biosensor that is based on the 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-triazine (RDX) substrates offers an individual, on-site, fast and economical detection method for explosives, whereas the multi-analyte optical biosensor with the same substrates requires no washing steps and generates very little waste. Moreover, the multi-analyte optical biosensors have the capacity to detect both the substrates simultaneously. 13, 29 A highly sensitive microbial sensor is developed using an isolated bacterium (Pseudomonas putida) for low detection of biochemical oxygen demand (BOD); the biochemical oxidation, however, is a slow process that took five days to obtain a low detection limit and fast response in Table 1. 30  Table 1 illustrates response times and detection limits for different biosensors. For both the single substrate and multisubstrates, the TNT and RDX biosensors have a response time of 30 min and detection limits of 2.5 -5.0 ng/ml. The amperometric biosensors are used to determine lysine have a detection limit of 0.82 µM and a response time of 42 s in nutrition and pharmaceutical fields. 31 The amperometric biosensors have a response time of 30 s with a detection limit of 9 µmol/l for the determination of phenol compounds such as catechol, in comparison to 6 h response time with 25 µg/l detection limit available for mitomycin C. 20, 32 Optical biosensors detect peroxide with a detection limit of 0.025 -1.0 mM and a response time of 20 min. 33
2·2 Principle of electrochemical biosensors
Electrochemical biosensors are based on the electrochemical species consumed and/or generated during a biological and chemical interaction process of a biological active substance and substrate. In such a process, an electrochemical detector measures the electrochemical signal produced by the interaction. Thus, the differences among the three types of electrochemical biosensors (conductometric, potentiometric, and amperometric detectors) include their techniques of measuring biochemical changes in solution. 9, 28 biosensors monitor potentials at the working electrode with respect to the reference electrode, and the biosensors detect the accumulation of charge created by selective binding at the electrode surface. In contrast, amperometric systems possess a linear concentration dependence, compared to a logarithmic relationship in potentiometric systems and measure changes in the current on the working electrode due to the direct oxidation of the products of a biochemical reaction in direct or indirect systems. Amperometric biosensors also have the advantages of being more highly sensitive, rapid, inexpensive, and disposable in comparison to the conductometric and potentiometric biosensors. 2, 9, 28 In addition, an electrode substrate of suitable condition, material, size, geometry, and immobilization technique has usually been taken into consideration to design appropriate electrochemical biosensors; the importance of the electrochemical biosensors has been increased considerably during the past decade as they combine the specificity of biological systems with the advantages of electrochemical transducers. 4, 27 Electrochemical biosensors have been the most commonly used classes of biosensors due to their faster response, greater simplicity, and lower cost compared to optical, calorimetric, and piezoelectric biosensors. 48 The contamination of the biosensor surface has also caused some failures of electrochemical biosensors. 27 These disadvantages have continued to be solved, for instance by using a membrane that excludes interference of unwanted materials from a reaction.
The direct reduction and oxidation (redox) reactions at working electrodes such as platinum or carbon electrodes are used for detection of oxygen and hydrogen peroxide. 2, 11, [49] [50] [51] The simplest amperometric electrodes are the Clark oxygen electrodes whose response depends on the oxygen concentration in the bulk solution. To overcome this dependence, some researchers have operated enzyme electrodes based on the hydrogen peroxide at high potentials. 2, 52 These electrodes are subject to interference from other species such as uric acid and ascorbate, which are also oxidized at the high potential.
Alternatively, the long-term stability of mediated amperometric biosensors depends on the electron transfer pathways between the redox enzymes and the electrode surface. 54 The uses of artificial electron transferring agents (mediators) eliminate the need of oxygen, minimize the effects of interferences, lower the operating potential of electrodes, and improve the linearity range and sensitivity. 2, [49] [50] [51] [52] 55 Moreover, the mediators readily participate in the redox reactions with biological components to help in the rapid electron transfer
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ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 from the redox center of the enzyme to the surface of the indicator electrode. 2 Nevertheless, mediators are chosen in such a way that their redox potential is lower than the other electrochemically active interferences in the samples. Table 3 shows some common mediators and enzymes, such as vinyl ferricene and glucose oxidase. Furthermore, some new electrodes that can directly oxidize the reduced enzymes without exogenous mediators are reported. 2, 55, 60 The electrode materials of conducting salts are often used for reactions involving NAD(P) + -dependent dehydrogenases, as they allow the electrochemical oxidation of the reduced forms of these coenzymes. 58, 59 Much work has also been done in recent years on the applications of conducting polymer layers in amperometric biosensors and amperometric immunosenors. 9, 31, [61] [62] [63] In the next section, the applications of the amperometric principles are discussed to illustrate some recent results of the intense research for more selective, sensitive, and reliable biological sensors. Such research covers a broad area of emerging technology ideally suited for health care, biochemical processes, food analysis, and environmental monitoring analysis.
Current and Potential Applications of Electrochemical Techniques
3·1 Mediated bioelectrodes
The development of amperometric bioelectrodes was based on the change of oxygen or hydrogen peroxide as reported in the literature. 11, [49] [50] [51] [52] [53] [54] 64 The direct electron transfer between an enzyme and a common electrode was observed to be too slow because the redox center of an enzyme was usually buried in a thick protein shell that slowed the electron transfer. 2 To establish an electron transfer, researchers used mediators to access the redox center of an enzyme and then to act as the charge carriers. The electro-active compounds were chosen as mediators to improve the linear range selectivity, sensitivity, and response time of the bioelectrodes. 11,49-54, 64 Oungpipat et al. discussed a new plant tissue-based bioelectrode for the amperometric detection of hydrogen peroxide; the group incorporated asparagus (Asparagus officinalis) tissue into a ferrocene-modified carbon paste electrode. 11 The bioelectrode was reported to offer high selectivity, lower detection limit, and rapid response, as indicated in Table 1 .
Biosensors with enzyme-modified electrodes also accomplished the rapid detection and target specificity of glutamine, which was reported to be a major energy and nitrogen source for mammalian cells in cultures. Almeida and Mulchandani developed an enzyme electrode for monitoring glutamic acid by using a cross-linking agent, glutaraldehyde, but they were not able to monitor glutamine acid. Mulchandani and Bassi used tetrathiafulvalene (TTF)-carbon paste electrodes with the adsorbed enzymes to demonstrate the suitability of the mediator for the determination of glutamine and glutamate acid in mammalian cell cultures. The TTF-carbon paste electrodes with the adsorbed enzymes (glutaminase and L-glutamate oxidase) responded to both glutamic and glutamine acid. Moreover, the cross-linking agent was found to deactivate the glutaminase enzyme. The glutamine biosensor exhibited low sensitivity, broad linear range, excellent stability, and accuracy. This type of biosensor was found to be an excellent tool for online monitoring and feedback control of glutamine feeding in fed batch cultivation of mammalian cells. 52, 53 In the same year, Schuhmann developed a non-leaking and reagent-less mediated enzyme electrode that integrated both the biological recognition element and the electron-transfer signal into the sensitive layers of an amperometric biosensor. 54 Ferrocene-modified glucose oxidase was entrapped in polypyrrole layers during the electrochemical formation of polymer films. To investigate the proposed electron-transfer pathways, Schuhmann used the direct electron transfer via the chains of conducting polymer backbone and the electron hopping along enzyme-attached redox relays. Such pathways were not very favorable processes to produce significant current responses, since polymeric poly(vinylferrocene) did not indicate any electro-catalytic activity without closed contact between glucose oxidase and the redox mediator for the re-oxidation of the reduced enzyme. The study concluded that flexibility in the covalent immobilization of mediator molecules contributed to electron transfer between sterically incompatible sites. 54 Properties of a new whole-cell amperometric biosensor were evaluated for the determination of glucose with enhanced upper linearity limits based on the combination of cells of Aspergillus niger and a Clark oxygen electrode. The amount of glucose was determined by measuring the magnitude of the current due to the generation of hydrogen peroxide. A biocatalytic layer of the mycelium of Aspergillus niger that contained high levels of enzyme catalase component and phosphate buffer was attached to the Clark oxygen electrode with a polypropylene membrane (30 µm thick) which was permeable to oxygen. 64 In this study, the oxygen concentration in the biocatalytic layer was increased to improve the upper linearity limit by using the enzyme catalase that converted the hydrogen peroxide in oxygen and water. The addition of hydrogen peroxide in the bulk solution was found to extend the upper linearity limit (1.75 mM); this was reported to increase by ten fold at hydrogen peroxide concentration of 8 mM without any influence on the sensitivity of the Aspergillus niger biosensor. Several saccharides were tested but only maltose had effects on the sensitivity of the biosensor. Changing the pH of the phosphate buffer towards the pH value of 8.0 minimized this effect, and the response of the tissue biosensor was found to be independent of the pH (5 -8) in the variable pH bathing media. The biosensor's stability was also noticed to decrease significantly at about 4˚C and 50˚C; thus, all the measurements of the study were performed at 30˚C (pH 7.0) to achieve a better stability than was available at the two extremes. The range of response times (90 -120 s) of the overall amperometric biosensor based on Aspergillus niger for determination of glucose was reported to similar to that of the purified enzyme based electrodes with the same configuration in this study. 64 The detection limit was not mentioned in the report, due to the lower permeability of the biocatalytic layer for both the oxygen and glucose.
3·2 Tissue biosensors
The whole cell biosensors were easier to use than the purified enzymes based biosensors. The presence of several enzymes in the whole cell biosensors usually lowered the substrate 1117 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 specificity and increased the stability of the whole cell-based systems. The whole cells based biosensors were reported to be simpler and less expensive than the purified enzyme biosensors due to the purification costs of enzymes. 11, 49, [64] [65] [66] [67] Furthermore, whole cell tissue materials from plants and animals could be incorporated in carbon paste electrodes which was a more direct approach than the whole cell materials with a Clark oxygen electrode. 49, 65, 66, 68 Even though the experimental techniques were similar to the direct electrochemical techniques of Wang and Lin, 66 a plant tissue (apple, banana, and potato) paste electrode of this report could be used in differential pulse voltammetry, rotating disc electrode voltammetry, and amperometry with flow injection analysis. 65 A portion of the mixed tissue-carbon paste was chosen to be inserted into a hollow of clean polypropylene with a copper wire contact. A banana carbon paste electrode biosensor used catechol as the standard to determine the flavanol components in beer. 1, 49, 65, 66 The higher flavanol contents that were observed in the banana electrode were due to residual flavanol in the banana itself.
Eggins et al. also demonstrated that biosensors based on potato and wet and dried apple tissues were better than the banana biosensors for the detection of catechol substance, which was a simpler, cheaper and more stable process. The group, however, did not indicate in their study the duration of response and sensitivity of the tissue biosensor for the determination of flavanols in beer. A slight loss of response was contributed to the drying process in the apple tissue that was otherwise preferable for its longevity and excellent response characteristics. Epicatechin that was found in beer was also reported to have a good response with all the tissues without any indication of the performance of the biosensor. 65 Quantitative determination of alcohol has been essential in food, fermentation, and wine industries; alcohol oxidase therefore has had broad substrate specificity and has oxidized a variety of short-chain primary alcohols, consuming oxygen and generating hydrogen peroxide. 58 Microbial/electrochemical oxygen and peroxide electrodes for alcohol determination were proposed to enhance the alcohol activity and to impair the catalase activity by using appropriate mutants of methylotrophic yeasts Hansenula polymorpha, the sensitive bioelements. 67 The selected mutations used for the oxygen electrodes allowed an increase in the respiration response of mutant cells towards alcohols, whereas in the case of the cells used with a peroxide biosensor, the mutant cells elevated the excretion of hydrogen peroxide during metabolic transformation of alcohol. Thus, the effects of chemical permeabilization on the respiration and hydrogen peroxide production enhanced sensitivity and selectivity of the biosensors by the sensing cells' generic manipulation without isolation or purification of the enzymes. Both types of the biosensors yielded lower sensitivity of 0.2 -0.4 mM for ethanol and 0.03 -0.05 mM for methanol; no sample pretreatment and no additional cofactors were used in the evaluation of these biosensors. 67 Even though oxygen and peroxide electrodes were selective, sensitive, and reliable for methanol and ethanol, no signal was observed with glucose and glycerol as substrates. The enhanced sensitivity and selectivity of the response of the sensing cells were directly related to their genetic manipulation without any isolation or purification of the enzymes. The overall performance of these biosensors had better results than were obtained in the studies of Katrlik and co-workers and Eggins and co-workers. [64] [65] [66] [67] 
3·3 Coated electrodes for polyvinylferrocenium
The use of a redox polymer, polyvinylferrocenium perchlorate, as an immobilization matrix allowed the development of amperometric sensors for glucose, galactose, lactose, and sucrose. 55, 56, 58, 69 The redox polymer, polyvinylferrocenium perchlorate, behaved like a modified surface through which an electron transfer between a substrate and a reactant took place. 2, 55 The polyvinylferrocenium-coated electrode was simple, fast, sensitive, and stable and had a constant and maximum response time at the temperature of physiological fluids.
In this study, the redox polymer polyvinylferrocenium perchlorate was used to detect sucrose for the immobilization of glucose oxidase and invertase. 55 The approach had much higher current values than most existing sucrose electrodes that depended on the measurement of the oxygen reduction current because of the electro-catalytic hydrogen peroxide oxidation current.
The redox polyvinylferrocene was also investigated to develop amperometric biosensor for the immobilization of glucose oxidase and for the determination of glucose under aerobic conditions; thus, the sensitivity of the glucose biosensor was found to be linear up to 30 mM and to show a constant maximum response time at physiological temperature for in vivo applications. 56 A new amperometric enzyme electrode in polyvinylferrocenium perchlorate was proposed for the development of the alcohol biosensor. 58 The sensitivity of the enzyme electrode was based on four types of alcohol: methanol, ethanol, 1-butanol, and benzyl alcohol. It was observed that the sensitivity of the enzyme electrode reduced to 6.2 mM for 1-butanol and 3.0 mM for ethanol. The linear responses of methanol and benzyl alcohol were also reported to be 3.7 mM and 5.2 mM, respectively. The enzyme electrode stability was found to be satisfactory for a few days and decreased considerably in 36 days when stored at 30˚C. The effects of several possible interferences from cholesterol, sucrose, Dglucose, trozin, D-fructose, D-galactose, lactate, L-tyrosine, and ascorbic acid were tested in 0.10 M buffer solution of pH 8.0 at 30˚C; the interferences from trozin and ascorbic acid, however, were the most noticeable ones at the concentration of 5 mM. 58 A new enzyme electrode for the determination of galactose was developed, and the measurements were performed using this with an amperometric biosensor based on the immobilization of galactose oxidase in polyvinylferrocenium matrices. 59 The polyvinylferrocenium-coated electrodes offered the same advantages as those of the previous studies. 55, 56 Fast response times and establishment of a steady state current in 30 -40 s were reported. In addition, the galactose biosensor was found to be simple to construct, inexpensive, and sensitive. 59 A microbial amperometric biosensor that was based on a potentiometric oxygen electrode measured the catalytic oxidation current; it used ferricenium as a mediator for the oxidation of hydrogen peroxide. The incubation of the yeast cells on a sucrose medium improved the selectivity of the biosensor.
Moreover, the interference of glucose for determination of sucrose was minimized due to the selectivity of the yeast cells. A relatively long response time (4 min) was reported at 25˚C, pH 5 because of the potentiometric oxygen electrode, the detector. 69 Ferrocene is not a good mediator for the oxidative detection because of the high stability of ferrocene ion compared with ferricenium.
3·4 Immunosensors
Biological systems of antigen-antibody pairs provided high selectivity, whereas immunosensors with heterogeneous techniques integrated immunological reagents to transducer surfaces to increase sensitivity and to simplify the analytical process. 62 62 Two strategies for renewal of immunological surfaces were suggested if one used amperometric immunosensors based on immunocomposites and potentiometric magnetoimmunosensors coupled with flow injection modes. 63 Peroxidase and urease were used as enzyme labels in the amperometric and potentiometric measurements, respectively. The result of the study showed that the magnetoimmunosensors, compact and robust, were found to yield higher sensitivity values and shorter response times.
63
3·5 Biocomposite electrodes
Peroxidases such as horseradish peroxidase (HRP), enzyme labels in immunoassays, have been commonly used for the construction of biosensors to catalyze the oxidation of various electron donor substrates such as phenol with hydrogen peroxide. Hydrogen peroxide also has acted as an active chemical reagent for preparation of many chemicals like hydrazine and as detoxicating organic pollutants such as formaldehyde and phenol. 11, 71 The integrations of new materials and fabrication strategies with conventional voltammetric techniques have given birth to the new amperometric biosensors. 49, 61, 65 The use of amperometric biosensors based on horseradish peroxidase provided an alternative process for the measurement of hydrogen peroxide. 10, 57, 61, 71 The design and construction of rigid matrix materials utilized enzyme-graphite-polymer composites. The rigidity of the biocomposite did ensure a simple and lasting immobilization of the enzyme. Moreover, conducting biocomposites based on different polymeric rigid matrices and enzymes had important electrochemical features for the construction and development of enzymatic amperometric biosensors. 61, 62 A hydrogen peroxide amperometric biosensor based on a peroxidase-graphite-epoxy biocomposite was built and characterized. The graphite, horseradish peroxidase, and an epoxy resin were used to act as the conductor, the biocatalyst, and the binding agent, respectively.
The HRP-graphite-epoxy biosensor had a response time of 5 s at 0.4 mM hydrogen peroxide concentration. 61 Saurina et al. developed an amperometric biosensor for the determination of lysine, which was added as dietary supplement to food or drugs. 31 Three different configurations of the lysine biosensor were proposed, based on rigid-conducting biocomposites (graphite-methacrylate composite electrode for the electrochemical detection of hydrogen peroxide at +1000 mV, peroxidase-modified graphite-methacrylate biocomposite electrode for the reductive electrochemical detection of oxidized peroxidase, and peroxidase-modified graphite-methacrylate biocomposite electrode for the hydroquinone-mediated detection). [61] [62] [63] The hydroquinone-mediated biosensor was found to work better under reductive electrochemical detection than the graphite-methacrylate electrode biosensor, by diminishing potential interferences. The mediated biosensor also showed an improved sensitivity compared to that of the peroxidase-modified graphite-methacrylate biocomposite electrode. However, the production of benzoquinone species from direct oxidation of hydroquinone was observed to interfere with the measurement of lysine at about -100 mV. It was observed that the stability of the peroxidase-modified biosensor was longer than that of the graphite-methacrylate electrode configuration. 31 After investigating possible interferences for the three configurations, the majority of amino acids were amperometrically detected at +1000 mV with the analysis of lysine for the graphite-methacrylate composite electrode. The noticeable interferences among amino acids were tryptophan, tyrosine, and cysteine acids. In the other two cases of reductive electrochemical detection using the peroxidase-modified graphite electrode, it was observed that there were only a few amino acids that interacted with the analysis of lysine even though concentrations of amino acids were much higher than those found for the oxidation detection in the graphite-methacrylate composite electrode configuration. 31
3·6 Biological active electrodes
The organic-phase biosensors based on enzyme as catalysts in non-aqueous media enhanced enzyme thermo-stability, eliminated microbial contamination, and increased the solubility of hydrophilic substrates. 49, [64] [65] [66] [67] 72, 73 Such analytical tools exhibited lower sensitivity than the biosensors based on the same enzyme in aqueous media, because of the organic media ability to reduce the rate of enzymatic reaction. 73 Lactitol, an uncharged polyhydroxyl, was reported to constitute an efficient additive for the improvement of the analytical characteristics of amperometric biosensors since it had highly hydrophilic properties and the capacity to replace bound water via hydrogen bonding with the enzyme. 73, 74 Making use of this beneficial effect of the lactitol, the synthesis and electrochemical polymerization of an amphiphilic pyrrole lactobionamide with lactitol polyhydroxyl parts and the use of poly(pyrrole lactobionamide) as a hydrophilic stabilizer in polypyrroleenzyme electrode were described. 73 The immobilization of the polyphenol oxidase on poly(amphiphilic pyrrole) films was also used to detect the phenol compounds in anhydrous chloroform. It was found that a poly(pyrrole lactobionamide) film as a polymeric additive enhanced the sensitivity of biosensors based on polypyrrole host matrices, particularly the activity of polyphenyl oxidase. 73 Graphite-Teflon composite bio-enzyme electrodes were demonstrated for the detection of L-lactate in food samples such as wine and yogurt. 10 Lactate oxidase, horseradish peroxidase, and ferrocene (mediator) were incorporated into the graphite-Teflon matrix to develop a bio-enzyme amperometric composite biosensor. Simple physical inclusion of the enzymes into the bulk of a graphite-Teflon pellet with no covalent attachment was utilized to prepare a graphite-Teflon biocomposite whose surface was easily regenerated by polishing. Both batch and flow-injection of a bio-enzyme amperometric composite biosensor were reported to be 1.4 and 0.9 µM L-lactate, respectively. 10 There was no significant loss 1119 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 of the enzyme activity after six months of storage at 4˚C.
The behavior of three different rigid composite matrices was compared for the determination of phenol compounds in industrial wastewater, which contained an optimum concentration of 2 mg/l; the three different rigid composite matrices were graphite-Teflon, reticulated vitreous carbon (RVC)-epoxy resin, and graphite-ethylene/propylene/diene (EPD). 75 The comparison of capabilities of the amperometric tyrosinase biosensors and their responses to different phenol compounds were investigated. The graphite-EPD biosensor showed the most sensitive response reported in the study. The steady state current was always achieved in no more within 3 min. The graphite-EPD biosensor yielded better reproducibility values of amperometric measurements, both with and without regeneration of the electrode surface, than the graphite-Teflon and RVC-epoxy resin biosensors.
The graphite-Teflon biosensor exhibited a longer lifetime than the RVC-epoxy resin and graphite-EPD configurations. The graphite-EPD biosensor had the lowest detection limit among the three composite biosensors tested in the study. 75 
3·7 Enzyme immobilization
The immobilization of biological molecules on electropolymerized films provided the possibility of precisely electrogenerating a polymer film on conductive micro-surface of complex geometry. The polymer film did operate in aqueous and organic media. 72, 73 The electrochemical technique involved a sequential procedure of electro-polymerization. Covalent binding was observed to affect the catalytic activity or the recognition properties of biomolecules.
An alternative procedure to the electrochemical approach was proposed: the use of an avidin-biotin system that offered a better immobilization of proteins on electro-generating biotinylated polymer films without the loss of their biological properties. 72, 76, 77 The attachment of proteins via the simple formation of an avidin-biotin bridge with biotinylated proteins or avidin conjugated proteins made use of the high affinity of the avidin-biotin interaction. 6, 72 The analytical characteristics of electro-generation of a biotinylated conducting polypyrrole film from a novel pyrrole biotin were described in the literature. 72 The resulting amperometric biosensor was used for the determination of glucose and catechol.
The immobilization of cells, sub cellular organelles, and enzymes in calcium alginate gels was reported. 78 Gels formed spontaneously in the presence of calcium, a divalent ion. The preparation of calcium alginate gels provided extremely mild conditions for the immobilization procedure with lower cost and improved ease of use. On the other hand, the procedure had its own limitations such as the low stability and high porosity of the membrane. 78, 79 It was observed that the calcium alginate gels did not provide any serious barrier to the diffusion of neutral substances up to five hundred molecular weight. 78 The diffusion of glucose oxidase, an enzyme with high molecular weight, out of calcium alginate gel capsules was also studied. 79 The influences of sodium alginate and calcium chloride concentration on the capsule characteristics and on the percentage of diffusion of glucose oxidase were examined. The results indicated a reduction in the glucose oxidase leakage as the concentrations of sodium alginate and calcium chloride were increased. This finding confirmed the mutual dependency between the diffusion glucose oxidase and the capsule characteristics. 79 Cosnier et al. reported the use of a biotinylated sodium alginate-derivative. They chose glucose oxidase as a model enzyme to illustrate the characteristics of the new approach of enzyme immobilization. Different preparation procedures of films were aimed at the affinity entrapment of enzymes, and the corresponding effects on the performance of the biosensors were compared to the properties of the avidin-biotin affinity system. 5, 6 Several biosensor configurations that contained avidin (Av) glucose oxidase-biotinamidocaproyl (B-GOx) were developed. BLE was chosen to be the abbreviation of biotinalginated linked to avidin-conjugated biotinylated glucose oxidase coated on a platinum electrode, and MEL-BLE stands for an additional network of several layers of biotinylated glucose oxidase in BLE. A comparison to the several biosensor configurations was conducted: the MEL-BEL biosensor with five Av-B-GOx layers exhibited sensitivity of 8.7 mA/Mcm 2 and response times of 30 -40 s, while the sensitivity and response time of the BLE configuration were 0.75 mA/Mcm 2 and 20 -30 s in the first 24 h, respectively. It was observed that the main causes of the response and the storage stability decreases were the enzymatic leakage of biotinylated glucose oxidase that was not affinity-bound to the immobilized avidin in the gel matrices. It was expected that this convenient fabrication of the proposed biosensor might be used to develop environmental micro-biosensors. 5
3·8 Lactate oxidase stability
Hart et al. investigated the ability of mixtures based on hydroxyethyl-cellulose, lactitol, synthetic co-polymer of vinyl pyrrolidene, and dimethyl amino ethyl methacrylate to increase the storage life of lactate oxidase both when freeze-dried and air-dried as a stage in the development of screen-printed enzyme electrodes. 80 The two experimental designs were not directly comparable because of the presence of the hydroxyethyl cellulose in the freeze-dried and water activity in the enzyme matrices in the air-dried method. Screen-printed enzyme electrodes based on the lactate oxidase (LOD) were stabilized by readily available industrial polymers, which had the virtue of having favorable printing qualities. The screen-printed enzyme electrodes were observed to be stable at 25˚C. 80 A real-time lactate monitoring system that was applicable to in vivo measurements was also demonstrated. 50, 81 Enzyme polyurethane was coated on the cathode electrode. The amperometric thin film electrode was designed to overcome the problem of needle-type biosensors, which had some limitations of reproducibility of production and preparation. The cathode electrode was reported to exhibit linear range of 0.5 -20 mmol/l lactate and had stable response time of more than 20 h. 81 Yang et al. used cross-linking with glutaraldehyde as the reagent and dithiothreitol as the stabilizer for lactate oxidase to construct a needle-type biosensor for intravascular monitoring of lactate level during intensive care or surgical operations. 40 Their observations showed that the amperometric sensitivity was directly proportional to the lactate concentration when the electrode polarization was sufficiently high, and that the enzymatic reaction was the rate limiting-factor. On the other hand, the response time of the lactate biosensor was about 1 min when the diffusion control mode was assumed to be the rate determining-factor. This response time was found to be independent of the concentration of lactate. There were no observable differences among the response times measured for 1 -10 mM lactate concentrations. 40 It was reported that the lactate biosensor exhibited high sensitivity, wide linear range (1 -15 mM lactate), and significant long-term stability during the first week. The pH variation did not have significant effects on the response of the lactate biosensor the around physiological value (pH 7.4) after the dependency of the biosensor sensitivity on the pH of the lactate solution was investigated. This was 82 Studies of a system using L-lactate oxidase and L-lactate dehydrogenase coimmobilized on an ultra-bind film coupled on the Clark oxygen electrode were described for simple, rapid, and highly sensitive L-lactate detection down to the nanomolar level. 83 The biosensor was able to measure low L-lactate concentrations (as low as 20 nM and 10 µM).
Human lactate dehydrogenase was reported to be a hydridetransferring enzyme, and LD-1 was one of the five isoenzymes of lactate dehydrogenase described in the report. 84 The LD-1, predominant in the heart muscles, was used both as a marker for myocardial infarction and tumour. The development of an electrochemical immunosensor for the LD-1 isoenzyme was studied. 84 Anti-human LD-1 antibodies were covalently bound onto a preactivated membrane and immobilized on a platinum electrode. Lactate dehydrogenase activity was monitored by following the decrease of nicotinamide adenine dinucleotide (NADH) oxidation signal at +600 mV after incubation with antigen. The amperometric immunosensor was used for the rapid determination of the LD-1 in the clinical determination of myocardial infarction.
Electrochemically conducting polymers such as polyaniline, polypyrrole, and polythiophene hold a particular promise for applications in enzyme-based biosensors. 9 L-Lactate determinations have been in demand in clinical biology and in the food processing industry to prevent diseases.
Coimmobilization of lactate oxidase and lactate dehydrogenase for the estimation of L-lactate were investigated. 60 In these studies, NADH was used as co-factor for the lactate dehydrogenasecatalyzed reaction on electrochemically-prepared polyaniline films. 60, 84 It was found that polyaniline films immobilized with lactate oxidase and lactate oxidase/lactate dehydrogenase had higher electro activity than polyaniline films immobilized with lactate dehydrogenase alone.
To measure the activity of the polyaniline/lactate oxidase-lactate dehydrogenase electrodes, the films were stored at 4 -10˚C. The observations revealed that these electrodes were stable for about three weeks at the same conditions.
Response studies of polyaniline/lactate oxidase-lactate dehydrogenase electrodes indicated that nicotinamde adenine dinucleotide in the test solution allowed the regeneration of L-lactate from pyruvate. This regeneration was found to provide an amplification of the biosensor response that measured lactate at lower concentrations.
The polyaniline/lactate oxidase-lactate dehydrogenase electrodes were capable of detecting 0.5 µM L-lactate. 60 
3·10 Determination of pesticides
A butyryl choline sensor was based on a plasticized poly(vinyl chloride) membrane electrode was fabricated to demonstrate its usefulness for the determination of pesticides. 12 The effects of the dioctylphthalate plasticized membrane indicated that the highest sensitivity of the biosensor was due to the higher partition property of HFPD-Na (tetrakis(3-5-bio(2-methoxyhexafloure-2-propyl)phenyl)borate).
The determination of pesticide was also possible in the range of 0.02 -1.00 µM for o-(4-bromo-2-chloro phenyl) o-ethyl S-propyl phospho-thiolate and 1 -10 µM for 2,2-dichloro vinyl dimethyl phosphates with the sensitivity of 0.18 µM. The sensitive potentiometric butyryl choline detector evaluated the bioactivity of pesticides. 12 A single enzyme reaction and inhibition of ascorbic acid oxidase activity was monitored using a simple Clark oxygen electrode. 15 The use of the Clark electrode caused local oxygen depletion and lower voltage response. Rekha et al. based the single enzymatic biosensor on the biochemical reaction of Lascorbate oxidation, in which ascorbic acid was oxidized to dehydroascobate and water in the presence of oxygen and ascorbate oxidase, the catalyst. 15 The use of oxidase enzyme avoided the need for coupling a second enzymatic reaction in the multienzyme biosensors. The organophosphorous pesticide ethyl paraoxon inhibited the activity of ascorbic acid oxidase and resulted in a reduction in the biochemical reaction. A single enzyme biosensor was constructed from a cucumber slice, rich in ascorbic acid, with a Clark oxygen electrode to monitor a change in output voltage of the biosensor proportional to the pesticide concentration at the laboratory level for the first time. 15 It was observed that 5.67 mM ascorbic acid yielded almost complete inhibition for a given concentration of pesticide and minimum concentration to obtain an acceptable voltage response. The proposed biosensor minimized the chance of interference from uric acid, catecholamines, nicotinamide adenine dinucleotide, and glutathione. The usage of cucumber instead of pure enzyme reduced the cost of the biosensor. 15 In contrast, multi-enzyme biosensors used cholinesterase (ChE) in association with choline oxidase (ChO) or acid phosphates along with glucose oxidase (GOD). 16, 44 The acid phosphatase/glucose oxidase based biosensor monitored oxygen depletion since the glucose oxidase electrode that measured liberation of hydrogen peroxide had a poor sensitivity for the pesticide analyses. Thus, an amperometric biosensor was based on a potato layer rich in acid phosphatase and in immobilized glucose oxidase with a Clark oxygen electrode. Performance of the biosensor for repeated analysis of paraoxon was found to be stable over a period of eight days and to achieve a steady response for paraoxon. The pesticide inhibition of the acid phosphatase and the detection limit of 1 µg/ml paraoxon allowed the dual enzyme biosensor to monitor pesticide analysis in food and environmental samples. 37 The influences of aqueous and organic solvent combinations on acetyl cholinesterase activity were investigated. In addition, the inactivations by paraoxon of free and immobilized acetyl cholinesterase were compared. 85 It was found that high enzymatic activities were favored in solvents that had high organic solvent hydrophobility, with the solvent concentrations partitioned between octanol and water. The research group proposed a sensitive amperometric biosensor for organophosphorous or cambamates pesticide analysis based on the consumption of oxygen. The detection limit of the biosensor was reported to be 1 nM for paraoxon with 5% cyclohexane and free acetyl cholinesterase, and its stability was about 3 -4 weeks. 85 Pesticides such as organophosphate and carbamate have posed a potential human health risk and have polluted environmental water and soil, but they have been widely useful to increase agricultural production yields. 12 15, 86 AChE bound acetyl choline preferably and bound other choline esters in lesser degrees, while BuChE was less specific. Acid production and thiocholine were monitored potentiometrically and amperometrically, respectively. 12,86 Multi-enzyme-based biosensors used cholinesterase in conjunction with choline oxidase and measured hydrogen peroxide production or oxygen consumption. 86
3·11 DNA biosensors
Increasing interests in studying DNA (deoxyribonucleic acid)-ligand interactions has led to the detection of several varieties of organic carcinogens and toxins in the environment and to some antitumor drugs. Nucleic acid layers combined with an electrochemical or optical biosensor produced a new type of affinity biosensors to relate molecular interactions between the surfaces linked DNA and target pollutants for a rapid screening of the toxins.
The DNA layer selectivity and chronopotentiometric stripping analysis were used in designing the electrochemical or optical biosensors. 17, [87] [88] [89] [90] [91] [92] Changes in the DNA redox properties were reported for studies of interaction between DNA and analyte. 88, 89, 91 Moreover, the amount of electro-active substrate trapped on the DNA layer was investigated. 87 Thus, it was concluded that electrochemical biosensors offered an easier immobilization of the DNA layer and faster measurement Flow injection analysis with an evanescent wave biosensor was coupled for the detection of DNA intercalator on the basis of their different affinities for double-stranded DNA at a constant concentration of the ethidium bromide. 93 The doublestranded DNA with acrylamide-methacrylamide-hydrazides propolymer was reported to be stable for more than one month in 0.1 M phosphate buffer (pH 7.2).
It was demonstrated that the double-stranded DNA-coated carbon paste electrode yielded an analytically useful response for part per billion detection levels of various hydrazine compounds. 88 The DNA biosensor was based on the diminution of the guanine oxidation peak for the detection of hydrazine.
Furthermore, the intercalative binding of aromatic amines to double-stranded calf thymus DNA and their inherent electroactivity were exploited to develop DNA-modified electrodes for the detection of aromatic amines. A new approach that was based on DNA-modified electrodes was described for detecting nanomolar levels of toxic aromatic amines. 87 DNA hybridization biosensors coupled the high specificity of DNA hybridization reactions with the excellent sensitivity and portability of electrochemical transducers. The characterization, optimization, and environmental use of new biological sensing hybridization protocols were described. 89 The DNA hybridization biosensors were based on carbon electrodes operated in the chronopotentiometric stripping analysis for the detection of microorganisms in environmental samples (pathogen cryptosporidium). The DNA hybridization biosensors relied on the immobilization of a short synthetic oligomer (singlestranded DNA) whose sequence was complementary to the target species. The binding of aromatic amines with the immobilized double-stranded DNA layer and their inherent electro-activity were also exploited to design a new affinity electrochemical biosensor for aromatic pollutants. 89, 93 Interesting in simple and accurate assays for measuring DNA damage in vitro (genotoxicity) led to the development of DNA electrochemical biosensors. 89, 91 The DNA electrochemical biosensors were based on the immobilization of oligonucleotide specific sequences for Chlamydia trachomatis or the calf thymus DNA on a suitable electrode surface. 91 Most of the activities in DNA biosensors were focused on the development of sequence-specific hybridization tools for early detection of genetic or infectious diseases. 89, 91 In contrast, only a few studies were devoted for the design of environmental DNA biosensors. 88, 93 Two kinds of disposable DNA electrochemical biosensors were suggested for DNA hybridization and toxic compound detections. 91 It was observed that the single-use biosensor with screen-printed electrode (SPE) avoided contamination among samples and allowed constant sensitivity and reproducibility. Chronopotentiometric stripping analysis and an electro-active hybridization indicator, daunomycin, were employed to evaluate the formation of the hybrids on the electrode surfaces. The detection limit of 0.2 mg/l was reported for different concentrations of the complementary sequences in the sample solution. 91 The second biosensor was based on the immobilization of the calf thymus DNA extraction on the electrode surface at a fixed potential; chronopotentiometric stripping analysis of the oxidation of guanine residue on the electrode surface yielded 0.3 mg/l daunomycin, 0.2 mg/l poly chlorinated biphenyls (PCB), and 10 mg/l aflatoxin B1. 91 Due to the growing demand in the use of nucleic acids as a tool in the recognition and in the monitoring of toxic aromatic amines, a disposable electrochemical DNA biosensor was developed. 92 This biosensor was based on the immobilization of double-stranded or single-stranded DNA on the surface of carbon based screen-printed electrodes and the use of chronopetentiometric analysis. 92 A wide comparison between the performances of the biosensors with the immobilization of different sources of double-stranded and single-stranded DNA was conducted. Thus, the use of long chain DNA (calf thymus type XV activated DNA) was determined to be more suitable for the development of a double-stranded DNA biosensor than the use of short oligonucleotides. 92 The use of the double-stranded DNA was also reported to have higher reproducibility of measurements and higher sensitivity than the single-stranded DNA sources.
3·12 Microbial biosensors
Cultured fish cells were incorporated in redox mediated carbon electrode surface to develop a biosensor for rapid toxicity monitoring in the aqueous environment. 94 It was observed that the cultured fish cells were less robust in culture, harvesting, immobilization and monitoring than similar whole cells such as the bacterium Escherichia coli. The ferricyanide ion (mediator) was combined with ρ-benzoquinone or 2,6-dimethyl benzoquinone to elicit currents of a reasonable magnitude and stability.
The ferricyanide ion produced negligible currents when used alone since the mediator was lipophobic and was not able to penetrate the cell membranes to access redox active sites within cytoplasm. 94 The use of cultured fish cells to measure cytotoxicity was developed for the determination of the acute toxicity to ecosystems of aquatic pollutants. 94, 95 The cytotoxicity of eight aromatic intermediates of aerobic microbial transformation of toluene in the cultural fish cells was investigated. 95 The cells were derived from the caudal fins. The study of the cells after exposure to biotransformation products of toluene indicated a direct relationship between the exposure concentrations of the toluene products and the observed cytotoxic effects.
Alternatively, luminescent genes were used to monitor cellular activities. Luciferase gene (Luc) were a group of heterogeneous enzymes with the ability to produce light as a byproduct of their catalytic reactions, and the firefly luciferase, a reporter gene, provided sensitive and simple detection of gene
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ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 expression or regulation in prokaryotic and eukaryotic systems. 35, 96 The cultured fish cells were transfected with a plasmid containing the Luc and the luminescence values of the transgenic cells were monitored through an optical transducer. This research group selected a mediated amperometric biosensor to monitor microbial respiration. 35 The mediated biosensor allowed a real-time monitoring of the cell metabolism, and the cost of each test was lower than that of the luminescent test. While the use of the mediated biosensor had practical applications in monitoring cells for evidence of toxic materials on living cells, the biosensor had its own limitations. Therefore, an alternative approach was suggested to monitor cellular activity utilizing luminescent reporter genes. 35 This approach allowed the luminescence of the transgenic cells following environmental challenge to be monitored through an optical biosensor. It was reported that the luminescence assay was tested in 30 min in comparison to 48 h for the neutral red relative assay. The use of luminescent reporter genes was found to avoid the use of a chemical mediator that was a toxic source. Bentley et al. aimed their investigation at incorporating the mediated amperometric biosensor and luminescence into biosensor electrode configurations and at using a photo multiplier array to monitor cellular activity.
35
3·13 Enzymeless biosensors
The determinations of phenol compounds such as catecholamines, dopamine, and epinephrine (adrenalin) were reported to be of great clinical and pharmaceutical interest. 32 A copper-dependent enzyme, dopamine β-monooxygenase (DβM), was an enzyme that catalyzes the oxidation of dopamine and its derivatives. In its structure, DβM had two copper cores surrounded by histidine (His) that bind via nitrogen atoms. It was used in the catalysis of catecholamine. Hence, porphyrins and phthalocyanine that had the copper atoms surrounded with the nitrogen atoms were investigated for their potential use in imitating the DβM enzyme and in designing enzymeless biosensors for phenol compounds. Phthalocyanine was selected for the preparation of carbon paste electrode because of its insolubility. Copper phthalocyanine (CuPo) and histidine were immobilized in a carbon paste electrode to attain a better sensitivity and more extensive response range (30 -250 µmol/l) and to minimize the leaching out of histidine. 45, 101 The enzymeless biosensors yielded a detection limit of 9 µmol/l for catechol and life time of about two months.
3·14 Disposable biosensors for sulfur dioxide
Hart and Abass proposed an amperometric biosensor that consisted of two screen-printed electrodes deposited onto poly(vinyl chloride). 32, 97, 98 The proposed working electrode consisted of an electro-catalyst cobalt phthalocyanine (CoPc) modified carbon electrode and a reference/counter electrode (Ag/AgCl). 32, 97 Hydrogen sulfide (H2S), methane thiol (CH3SH), and dimethyl disulfide were selected as the target substrates. In addition, cyclic voltammetry was used to investigate the electrochemical reaction at a cobalt phthalocyanine-modified screen-printed electrode coated with a hydrogel. [97] [98] [99] The target analytes were exposed to nitrogen (N2) using the cobalt phthalocyanine electrode coated with hydrogels containing phosphate electrolytes of different pH values. It was reported that the magnitude of the peak current was dependent on the pH of the buffer, whereas the peak potential did not change with the pH. The magnitude of the peak potential occurred at +0.4 V and increased over the pH ranges of 9.0 for H2S and 11.5 for CH3SH. Two anodic peaks were also observed for H2S and CH3SH, but a cathodic peak at pH 12.0 was obtained for dimethyl disulfide because of a disulfide bond. The gel sensor with the thin outer electrolyte layer of gel yielded a fast response time of about 60 s and a stable amperometric signal that lasted over a period of one week. 97 The screen-printed techniques based on electrodes were simple to construct and were inexpensive when used for large quantities of products. In addition, they did not cause electrolyte leakage. 32, [97] [98] [99] [100] [101] A similar cyclic voltammetry process and amperometric sensor were used to investigate the diffusion properties of the gel towards propane thiol to obtain amperometric response time and sensitivity of a gel sensor for the detection of sulfur containing compounds. 97, [99] [100] [101] A gas sensor for several thiols and dimethyl disulfide was designed and developed. [97] [98] [99] [100] [101] It was also reported that an additional working electrode consisted of an unmodified carbon electrode. 99 Propane thiol was also found to undergo an electrocatalytic oxidation reaction at a cobalt phthalocyanine modified screen-printed carbon electrode coated with a hydrogel in a similar manner as methane thiol. 97, 99 The amperometric response time on exposure to nitrogen and subsequently to propane thiol at different concentrations (6 -22 ppm) was obtained to be 2 min. Moreover, the stability of the gel sensor was observed to be stable over a period of one week. 99 The molecular structure of Cytochrome c was observed to contain one iron-containing active center buried with the molecule. This contributed to a great selectivity and specificity of Cytochrome c in electro-catalytic interaction as the active center, heme group. 98, 100 Cytochrome c is a biologically important redox protein that is involved in electron transfer reactions in the mitochondria respiratory chain. 98 Therefore, the redox reaction was considered worthy of investigation, as it offered great selectivity and sensitivity for the sulfite determination. 100 A preliminary study on the development of a disposable amperometric biosensor was described for sulfite measurement in water. 100 The biosensor was based on an enzymatic reaction involving sulfite oxidase with Cytochrome c as electron acceptor. The amperometric responses were measured over a wide range of SO3 2-concentrations from 0.04 to 5.9 mM to study the electrochemical behavior of SO3 2-at the electrode surface. A linear response time of 0.5 to 0.1 min was reported in the linear range of sulfite in parts per million. The detection limit of sulfite was also obtained to be 4.0 ppm. 100 Abass and Hart examined screen-printed carbon electrodes (SPCE) one was plain and another was modified with a polycarbonate membrane. Cyclic voltammetry was used for the direct electron transfer from the active center of Cytochrome c. [98] [99] [100] [101] Chemically modified screen-printed carbon electrodes were used to develop gas detectors. 32, [97] [98] [99] [100] [101] It was reported that screen-printed carbon electrodes were applicable with other related metalloproteins and that the polycarbonate-modified electrode was feasible for use in biological studies.
An amperometric biosensor was reported to detect sulfurcontaining compounds in the gas phase such as sulfur dioxide (SO2), which produces acidity in rain and fogs. 97, 101 A similar approach of Hart and Abass was used to design disposable amperometric sulfur dioxide biosensors. The possibility of exploiting the enzymatic reaction involving sulfite oxidase and Cytochrome c was investigated for monitoring sulfur dioxide in a stream of air. Thus, two biosensors that were based on Cytochrome c, sulfite oxidase, and screen-printed electrode were proposed, b-type and s-type. Incorporating Cytochrome c and sulfite oxidase on the polycarbonate membrane produced the s-type biosensor, whereas the working electrode of b-type 1123 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 biosensor contained sulfite oxidase and Cytochrome c. It was observed that s-type biosensor yielded higher sensitivity and faster response time (110 s) than the b-type electrode. The detection limit of 4.0 ppm sulfur dioxide was reported for both of the biosensors. The response current was found to increase linearly with sulfur dioxide concentration over the range 4 to 50 ppm. [97] [98] [99] [100] [101] 
3·15 Composite transducers for polypyrrole
Svorc et al. presented the electrochemical properties of the transducers prepared with five different solid binding matrices. 68 The analytical characteristics and performances of the glucose sensor based on these transducers were also demonstrated to propose a new concept of a composite transducer for amperometric biosensors. It was found that solid-binding matrices had better mechanical properties of compactness and plasticity that the carbon paste biosensors had. 68 Electro-polymerization of pyrrole and its use for immobilization of enzymes by entrapment during polymer growth were proven to be very simple and efficient techniques for the construction of biosensors. 41, 48, 102 Size-exclusion properties of polypyrrole (PPy) films were highly selective against common interferences presented in biological media such as ascorbate and urate, electro-active endogenous anionic species.
Electro-active polymers offered considerable flexibility in the available monomer structures, capability of being reversibly doped and undoped for the development of enzyme-based biosensors, and compatible monomers for enzyme activity, neutral aqueous solvents. However, the amount of immobilized biological molecules was restricted to a monolayer at the interface polymer solution. 4 Hydrogels possessed high water contents, non-toxicity, and high chemical and hydrolytic stability. Thus, the combination of electrotype polymers and hydrogels was a favorable material for the construction of biosensors. Such polymer composite provided high biocompatibility and enhanced the rate of the electron transfer. 4, 41, 48 The development and optimization of glucose, cholesterol, and galactose biosensors were also studied. 48 The enzymes/hydroxyl ethyl methacrylate pyrrole mixtures were applied on the surface of platinum electrodes and immediately irradiated with UV light. The enzyme glucose (cholesterol and galactose) was entrapped within a composite polymer membrane that consisted of a hydrogel component ρ(2-hydroxyl ethyl methacrylate) [ρ(HEMA)] that intimately combined with an electro-active polypyrrole. Sensitivity and steady state response time of the optimized glucose biosensor were 0.475 mA/M and 40 s, respectively. Optimum linear response ranges of 0.05 -20 mM for glucose, 0.5 -150 mM for cholesterol, and 0.1 -10 mM for galactose were also reported.
48
3·16 Cholesterol biosensor
An electro-polymerization method for pyrrole in a continuousflow system was used to generate an enzymatic layer of entrapped cholesterol oxidase on a platinum electrode surface to develop a cholesterol biosensor. The biosensor showed a linear response over the cholesterol concentration range of 0.025 -0.3 mM with a detection limit of 43.99 nA/mM. However, the presence of 2-propanol and Triton X-100 was used to mix the cholesterol in pure water. 102 The development and optimization of an amperometric enzyme biosensor for rapid cholesterol analysis were based on cholesterol oxidase (ChOx) that was entrapped within a composite polymeric film consisting of ρ(HEMA) hydrogel intimately combined with electro-active polymer of polypyrrole.
The optimized cholesterol biosensor showed a linear response range of 0.5 -15 mM and a sensitivity of 120 µM towards cholesterol. The response time of the biosensor was also found to be 30 s. 41 Based on the inherent specificity of an enzymatic reaction, this biosensor provided the most accurate means of obtaining blood cholesterol concentration. 42 Amperometric cholesterol biosensors were based on immobilization of cholesterol oxidase on the electrode surface. The enzymatic reaction between the ChOx and cholesterol was converted into an electrical signal using electron-transfer mediators. Despite the high specificity of the enzyme, the response of the biosensors was influenced by common electro-active interferences such as ascorbic acid and acetaminophen. 27, 42 A direct amperometric biosensor for cholesterol determination was constructed from a layer-by-layer nanothin film formation using cholesterol oxidase and poly(styrene sulfonate) on a monolayer of microperoxidase covalently bonded to Au-alkanethiolate electrodes.
The cholesterol biosensor exhibited the current response time of 20 s. The current response was found to be linearly proportional to the concentration of cholesterol in the range of 0.2 -0.3 mM. 42 
Future Outlook of Biosensors
The demands to have fast, reliable, and accurate analytical information on biomedical, industrial, and environmental processes create an intense research for reliable sensors such as analytical tools (amperometric biosensors) and conventional instruments (gas chromatography) that depend on human assistance for inputting data and interpreting output information. The medical diagnostics field is also expected to find wider applications for the commercialization of sensors to identify infectious diseases and monitor the condition of a patient who desires to live for as long as possible. Therefore, the opportunities for biosensors to enter into the clinical diagnostic markets are widely open because of consumers' willingness to spend extra assets to regularly monitor their health conditions for their peace of mind. Several markets such as the pharmaceutical industry support economical, convenient, selective, and sensitive sensors that improve the quality of products and minimize the by-products (like carbon monoxide and sulfur dioxide) of mass production to promote safe products, increase profitability, and promise safe environments for future generation. Biosensors that rapidly detect total microbial contamination are also essential tools for the food quality assurance and open doors to the market share of the food biosensors. On the other hand, rapid and automated biosensors provide an early warning signal that prevents the real threat of releasing biohazard materials into the environment. Biosensors that simultaneously detect multiple analyses with minimum interferences have great applications in the medical diagnostics, food quality controls, environmental monitoring, and other industries. The multiple biosensors greatly reduce the time, the manpower, and the cost of identifying and monitoring different substances, for instance in potable water, wastewater, rivers, and reservoirs.
From a commercial point of view, development of stable and portable biosensors with better storage and operational stability is desirable for environmental protection, health, and safety purposes. Miniaturization and flow injection analysis systems as well as amperomatric biosensors for glucose and pesticide monitoring, mediated biosensors, and applications of conducting polymers to biosensors also revolutionize the biosensor techniques and technologies. Thus, given the existing advances in biological and chemical sciences combined with
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ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 advances in other various scientific and engineering fields, it is desirable that many biosensors be as competitive and reliable as many conventional instruments and make use of the technological trends and short-term consumer demands. The biosensor technology has a lot to offer and will continue to move from theoretical stages to realistic processes as more toxic and harmful materials are introduced to the ecosystem.
Conclusions
The medical diagnostics, food quality controls, environmental monitoring, defense, and other industries have demanded to have accurate and portable biosensor systems because intensive industrialization and the use of chemicals have contributed to the build-up of many toxic compounds in the environment and in ecosystems. A great deal of research and development efforts have been spent on developing different types of biosensors that are capable of detecting pollutants since 1962; so far, only a few biosensors have been commercially available. Simple, affordable, reliable, and portable biosensors have been crucial requirements of consumers' demands and have appealed to average consumers in commercial applications. Biosensors have been designed to provide detection limits as low as possible with minimum interferences from species in bulk samples. Moreover, researchers have defined a number of practical and technical issues that have to be overcome in the development of reasonable biosensors for their commercialization: selectivity, sensitivity, temperature, and pH dependency. Summaries of the review articles, however, indicated that researches were not able to specify the performance (selectivity, sensitivity, detection limit, and response time) of some biosensors due to the unpredictable behavior of species that were incorporated into the sensors. Equally important technical issues such as interaction of matrix compounds, disposable format, and a clearly identified market have presented practical problems that needed to be addressed in the biosensor development. Obviously, condition and immobilization ability of biological active substances (such as enzymes) have limited the commercialization and performance of the biosensors. In the food industry, for instance, the exploitation of biosensors arises where a biosensor can identify and detect microbial contamination to prevent the spread of infectious diseases such as severe acute respiratory syndrome from animals to humans. The medical diagnostic field also offers real opportunities for the use of biosensors such as glucose biosensor for monitoring and detecting the amount of sugar in blood, but few biosensors have been commercialized to enter into the clinical diagnostic market. In fact, the largest area of environmental applications of biosensors lies in the development of biosensors (multiple detection systems) for monitoring harmful bacteria in drinking water, wastewater, and industrial effluents. Will this intensive investigations for fast, reliable, selective analytical systems for detection of harmful compounds lead to solutions to the environmental problems? Will they fulfill the demand of fast, precise analytical information on biomedicall, industrial, or environmental processes that increase productivity and, as a result, profitability?
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